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Atlantic	salmon	 (Salmo salar)	 is	one	of	 the	best	researched	fishes,	and	 its	aquaculture	
plays	a	global	role	in	the	blue	revolution.	However,	since	the	1970s,	tens	of	millions	of	
farmed	salmon	have	escaped	 into	the	wild.	We	review	current	knowledge	of	genetic	
interactions	 and	 identify	 the	 unanswered	 questions.	 Native	 salmon	 populations	 are	







and,	 potentially,	 of	 total	 salmon	 production.	 It	 is	 a	 formidable	 task	 to	 estimate	
introgression	 of	 farmed	 salmon	 in	wild	 populations	where	 they	 are	 not	 exotic.	 New	
methods	have	revealed	introgression	in	half	of	~150	Norwegian	populations,	with	point	
estimates	as	high	as	47%,	and	an	unweighted	average	of	6.4%	across	109	populations.	
Outside	 Norway,	 introgression	 remains	 unquantified,	 and	 in	 all	 regions,	 biological	
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1  | INTRODUCTION
Natural	 resources	 are	 increasingly	 exposed	 to	 anthropogenic	 pres-
sures	that	compromise	or	threaten	their	persistence.	The	Millennium	
Ecosystem	Assessment	 (Anon	2005)	 identified	 five	major	 threats	 to	
native	 plants	 and	 animals:	 habitat	 change,	 climate	 change,	 invasive	
species,	over-	exploitation	and	pollution.	Not	included	on	this	list,	but	
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and	their	domesticated	conspecifics	 (Hindar,	Ryman,	&	Utter,	1991;	
Hutchings	&	Fraser,	 2008;	 Laikre,	 Schwartz,	Waples,	Ryman,	&	Ge,	
2010;	Randi,	2008).	While	not	fitting	exactly	into	one	of	the	Millennium	
Assessment	categories,	 it	 is	 related	to	the	type	of	challenges	posed	
by	invasive	species	and	problems	that	stem	from	over-	exploiting	wild	
populations.	Furthermore,	many	of	these	stressors	can	interact	with	
each	other	 to	exacerbate	 the	negative	 impact	of	a	 single	cause,	 for	
example	the	combined	impact	of	the	release	of	captive-	bred	fish	and	
climate	change	on	recipient	wild	populations	(McGinnity	et	al.,	2009).
As	 exploitation	 of	 wild	 living	 resources	 becomes	 increasingly	
unsustainable	 (Hutchings,	 2000;	 Myers	 &	 Worm,	 2003),	 domes-
tication	 and	 captive	 production	 of	 the	 same	 species	 intuitively	 rep-
resents	an	obvious	alternative	(Teletchea	&	Fontaine,	2014).	However,	
when	 selective	 breeding	 programmes	 are	 undertaken,	 and	 releases	




particularly	 serious	 in	 fishes,	 where	 harvesting	 wild	 populations	 is	




At	 one	 end	 of	 the	 scale,	 wild	 populations	 may	 be	 deliberately	
supplemented	by	stocking	hatchery-	reared	offspring	of	local	or	exog-







for	 economically	 important	 traits.	As	 selection	programmes	 increas-
ingly	cause	genetic	divergence	between	captive	and	wild	populations	
for	biologically	important	traits,	then	the	potential	for	negative	genetic	






The	 commercial	 production	 of	 salmon	 for	 human	 consumption	
first	started	in	the	late	1960s	in	Norway	when	smolts	were	placed	into	




status	 as	 one	 of	 the	world’s	most	 economically	 important	 industries	
















The	 phenomenal	 expansion	 of	 the	 salmon	 aquaculture	 industry	
has	 not	 occurred	without	meeting	 a	 diverse	 array	 of	 sustainability-	
related	 challenges	 along	 the	 way.	 Farmed	 escapees	 may	 result	 in	
both	ecological	(Jonsson	&	Jonsson,	2006;	Thorstad	et	al.,	2008)	and	
genetic	 interactions	 with	 wild	 populations	 (Ferguson	 et	al.,	 2007;	
Hindar	 et	al.,	 1991).	 In	 addition,	 impacts	may	 extend	beyond	prob-











important	 consequences	 for	 the	 persistence	 of	wild	 salmonid	 pop-
ulations.	 In	 a	meta-	analysis	 of	 available	 data,	 a	 reduction	 in	marine	
survival	of	a	 range	of	salmonid	species	 in	 regions	of	 intense	salmon	
farming	 activity	 was	 observed	 throughout	 the	 Pacific	 and	 Atlantic	
basins	(Ford	&	Myers,	2008).	Although	the	range	of	challenges	linked	










of	 the	 life	 cycle,	 then	 transferring	 smolts	 to	 sea	 cages	 in	 sheltered	
coastal	areas	where	they	are	reared	until	market	size	and	thereafter	










et	al.,	 1993),	with	 the	 possibility	 of	 gene	 flow	 from	 farmed	 to	wild	
populations.
The	 fact	 that	 large	 numbers	 of	 farmed	 escapees	 have	 been	
observed	on	 the	 spawning	 grounds	of	 some	native	populations	 has	
generated	widespread	concerns	regarding	the	consequences	this	may	

















accidental	 releases	 into	 the	wild	 of	 non-	local,	 domesticated	 farmed	
escapees.	The	last	decade	has	seen	both	a	rise	 in	concern	regarding	





2011;	 Somarakis,	 Pavlidis,	 Saapoglou,	 Tsigenopoulos,	 &	 Dempster,	
2013;	Varne	et	al.,	2015).
The	 salmon	 is	 viewed	 as	 the	model	 system	 for	 understanding	
direct	 genetic	 interactions	 between	 domesticated	 and	 wild	 fish	
stocks	(Bekkevold,	Hansen,	&	Nielsen,	2006).	Given	the	many	years	
since	 salmon	 farming	 was	 initiated,	 it	 is	 pertinent	 to	 ask	 several	
questions	regarding	the	introgression	of	farmed	salmon	into	native	
populations.	In	particular,	what	do	we	know,	what	we	do	not	know,	








2  | ECOLOGY PRECEDING INTROGRESSION
2.1 | How many escapees are there in the wild?
So	long	as	facilities	are	not	fully	contained,	the	escape	of	farmed	fish	
into	the	wild	is	inevitable	(Bentsen	&	Thodesen,	2005;	Jensen	et	al.,	
2010).	While	 the	 number	 of	 escapees	 has	 declined	 over	 time	 as	 a	
proportion	of	 the	number	of	 salmon	 in	 farms,	 it	 has	 remained	high	
as	production	has	expanded	(Figures	1	and	2).	Salmon	production	is	
typically	based	on	the	following	stages:	eggs	and	fry	(~3–4	months);	
juveniles	 (~6–12	months);	post-	smolt/adults	 (~18–24	months)	 (Wall,	
2011).	Each	of	these	stages	represents	different	risks	of	escape	that	
can	be	expected	to	vary	from	farm	to	farm	and	region	to	region.
Most	 egg	 and	 early-	juvenile	 production	 is	 conducted	 in	 land-	










smolts	 in	 salt	water	but	with	 finer	mesh	sizes.	This	approach,	 rarely	
used	in	Norway	and	Canada,	was	used	extensively	in	Chile	but	is	now	
being	phased	out	in	support	of	disease	control	(Alvial	et	al.,	2012).	In	
contrast,	 in	 Scotland,	 42	 freshwater	 pen	 rearing	 sites	 underpin	 the	
annual	production	of	smolts	to	the	order	of	half	of	all	fish	produced	
(~20	million)	(Franklin,	Verspoor,	&	Slaski,	2012).	These	cages,	like	the	
ones	used	 for	on-	growing	of	post-	smolts	 to	 adults	 in	 the	 sea,	 offer	
the	 greatest	 opportunities	 for	 escape	 as	 there	 is	 only	 a	 net	 barrier	
between	the	fish	and	the	wild.
Escapes	of	salmon	have	been	documented	during	the	freshwater	
stage	 as	 juveniles,	 both	 from	 hatcheries	 (Carr	 &	Whoriskey,	 2006;	
Clifford,	McGinnity,	&	Ferguson,	1998a;	Stokesbury	&	Lacroix,	1997)	
and	 from	 freshwater	 cages	 (Coulson,	 2013;	 Franklin	 et	al.,	 2012;	
Verspoor,	 Knox,	 &	 Marshall,	 2016).	 These	 escapees	 may	 compete	
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least	on	the	basis	of	superficial	morphological	characteristics	(Lund	&	
Hansen,	1991),	is	expected	to	be	difficult	as	they	are	unlikely	to	have	
some	of	 the	more	obvious	diagnostic	 features	of	 older	 farmed	 fish,	
such	as	eroded	fins	or	clumped	body	shape.	Escapes	of	post-	smolts	
and	adults	from	marine	cages	occur	extensively	(Crozier,	1993;	Glover,	






ticed,	 for	 example	Norway	 and	Scotland	 (Figure	2).	These	 statistics	
are	 based	 on	 reports	 by	 the	 farmers	 themselves	 and,	 for	 several	
reasons	discussed	below,	are	likely	to	underestimate,	significantly	in	
some	circumstances,	the	actual	number	of	fish	escaping	from	farms.	
In	 support	 of	 this	 claim,	 DNA	 methods	 to	 identify	 escapees	 back	
to	 the	 farm	of	origin	have	been	successfully	 implemented	 in	multi-
ple	 cases	 of	 unreported	 escapes	 in	 Norway	 (Glover,	 2010;	 Glover,	
Skilbrei,	&	 Skaala,	 2008).	 Similarly,	 in	 Scotland,	 freshwater	 escapes	
identified	 through	 vaccination	 marks	 were	 not	 part	 of	 a	 reported	




dence	of	 farmed	salmon	escapees	 in	Norwegian	 rivers	 (Fiske	et	al.,	
2006).	Finally,	a	recent	meta-	analysis	of	catch	statistics	and	tagging	
studies	has	estimated	that	the	real	numbers	of	escapees	in	Norway	
were	 2–4	 times	 higher	 than	 the	 numbers	 reported	 by	 the	 farmers	
alone	 in	 the	period	2005–2011	 (Skilbrei,	Heino,	&	Svåsand,	2015).	





escape	events	account	 for	a	 large	number	of	escapees,	drip	 leakage	
(i.e.	multiple	 small-	scale	 losses	 usually	 associated	with	 routine	 daily	



































2010),	 suggests	 that	 escapees	 from	marine	 cages	 often	 struggle	 to	
adapt	 to	 feeding	on	natural	 food	 items	once	 they	are	 in	 the	 sea.	 In	
some	regions,	seal	predation	 is	also	suspected	to	cause	mortality	of	
the	escapees	 (Whoriskey	et	al.,	2006).	While	 the	evidence	 indicates	
that	survival	to	sexual	maturity	of	feral	escapes	is	very	low,	and	only	a	
small	proportion	of	escapees	manage	to	survive	and	enter	rivers,	the	
number	 is	often	numerically	high	due	simply	 to	 the	high	number	of	
escapees.	The	actual	numbers,	however,	can	be	expected	to	be	depen-
dent	on	both	 the	stage	of	 the	 life	cycle	and	the	 time	of	 the	year	at	
which	they	escape	(reviewed	by	Skilbrei,	Heino	et	al.,	2015).
An	overview	of	the	methods	used	to	identify	farmed	escapees	is	
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The	 relative	 frequency	 of	 adult	 farmed	 salmon	 entering	 rivers	 that	






having	 recently	 escaped,	 and	 certainly	 the	 same	year	 in	which	 they	
entered	 the	 river)	 escapees	 accurately	 (Skilbrei,	 Normann,	Meier,	 &	














et	al.,	 2010),	 the	UK	 including	Northern	 Ireland	 (Butler	 et	al.,	 2005;	
Crozier,	1998;	Milner	&	Evans,	2003;	Walker	et	al.,	2006;	Webb	et	al.,	
1991),	 Ireland	 (Clifford,	 McGinnity,	 &	 Ferguson,	 1998b),	 Atlantic	
North	 America	 (Carr,	 Anderson	 et	al.,	 1997;	 Lacroix	 &	 Stokesbury,	
2004;	 Morris	 et	al.,	 2008;	 O’Reilly,	 Carr,	 Whoriskey,	 &	 Verspoor,	
2006;	Stokesbury	&	Lacroix,	1997;	Stokesbury,	Lacroix,	Price,	Knox,	
&	 Dadswell,	 2001;	 Utter	 &	 Epifanio,	 2002),	 Pacific	 North	 America	
(Fisher,	 Volpe,	 &	 Fisher,	 2014;	 Volpe,	 Taylor,	 Rimmer,	 &	 Glickman,	
2000),	 Chile	 (Sepulveda,	Arismendi,	 Soto,	 Jara,	 &	 Farias,	 2013)	 and	




2012).	 Therefore,	 escapees	 display	 considerable	 potential	 for	 long-	
distance	 dispersal/migration.	That	 said,	 in	Norway,	 the	 incidence	 of	




(Green	 et	al.,	 2012;	 Youngson,	 Webb,	 MacLean,	 &	 Whyte,	 1997).	
Specifically	 for	 juvenile	 escapes,	 there	 is	 a	 close	 link	 between	 their	
presence	 in	 rivers	 and	 nearby	 hatcheries	 (Carr	 &	Whoriskey,	 2006;	
Clifford	et	al.,	1998a)	or	freshwater	cages	(Verspoor	et	al.,	2016).
A	 Norwegian	 study	 based	 on	 reading	 fish	 scales	 from	 sum-
mer	 angling	 surveys,	 as	well	 as	 dedicated	 autumn	 angling	 surveys,	
in	 the	period	1989–2004	reported	weighted	mean	annual	per	cent	
of	 farmed	 salmon	 in	 a	 cross	 section	 of	 rivers	 between	 approxi-
mately	0%–6%	and	2%–30%	for	the	two	survey	types,	respectively	






2015a,	 2016).	 This	 gave	 unweighted	 averages	 for	 summer	 angling	


























2.2 | Do farmed escapees spawn in the wild?
While	 frequency	 varies	 in	 time	 and	 space,	 not	 all	 farmed	 salmon	
that	 escape	 from	 sea	 cages	 and	 thereafter	 enter	 rivers	 are	 sexu-
ally	 mature	 (Carr,	 Lacroix	 et	al.,	 1997;	 Lacroix,	 Galloway,	 Knox,	 &	
MacLatchy,	1997;	Madhun	et	al.,	2015).	Escapees	may	also	ascend	
rivers	outside	the	normal	migratory	times	for	wild	salmon	and	even	
outside	 the	 spawning	 period.	 Indeed,	 triploid	 escapees,	 which	 are	
sterile,	may	enter	 freshwater	 albeit	 at	 a	 considerably	 reduced	 fre-
quency	compared	to	diploid	escapees	(Glover	et	al.,	2015,	2016).	In	
addition,	not	all	male	 juveniles	escaping	to	freshwater	will	become	
sexually	 mature	 as	 parr,	 especially	 because	 the	 tendency	 for	 parr	
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Data	from	early	surveys	conducted	in	Norway	revealed	unweighted	
annual	 average	 maturation	 of	 escapes	 captured	 in	 rivers	 as	 91.9%	
(range	77%–100%	over	the	12	years)	and	86.8%	(range	64%–100%)	
for	 males	 and	 females,	 respectively	 (Fiske	 et	al.,	 2001).	 Also,	 in	 a	
recent	 study	 conducted	 in	 the	River	Namsen,	middle	Norway,	most	
of	 the	 escapees	 entering	 the	 river	 were	 mature	 or	 maturing	 (Moe	
et	al.,	2016).	In	contrast,	all	of	29	small	(0.4	kg)	escapees	captured	in	
the	River	Steinsdalselva	 in	western	Norway	 in	2012	were	 immature	



























escapees	 is	 significantly	 lower	 than	 for	wild	 salmon	 (Fleming	et	al.,	
2000;	Fleming,	Jonsson,	Gross,	&	Lamberg,	1996;	Weir,	Hutchings,	
Fleming,	&	Einum,	2004).	Based	on	studies	conducted	 in	seminatu-




2000;	Weir	 et	al.,	 2004).	 For	example,	 adult	 farmed	males	 attained	
a	high	of	24%	success	in	the	spawning	arenas	in	Ims	(Fleming	et	al.,	
2000).	 Comparative	 spawning	 studies	 between	 wild	 and	 farmed	
salmon	have	 also	been	 conducted	 in	 the	wild,	 supporting	 the	 con-
clusion	that	farmed	escapees	are	inferior	competitors	(Fleming	et	al.,	
2000).	Studies	have	also	 shown	 that	 the	 relative	 spawning	 success	
of	adult	 farmed	escapees	probably	varies	considerably	with	the	 life	
stage	at	which	the	fish	escaped	(Fleming,	Lamberg,	&	Jonsson,	1997;	


















during	 the	 spawning	 season	 as	wild	 fish	 (Moe	 et	al.,	 2016;	 Okland	







tion	 to	 the	 documented	 competitive	 inferiority	 of	 farmed	 escapees	





to	 breeding	 in	 native	 populations	 (Herbinger,	 O’Reilly,	 &	 Verspoor,	










gested	 that	mature	 parr	 probably	 contributed	 to	 spawning	 (Clifford	
et	al.,	1998a).
Parr	 spawning	 is	potentially	of	critical	 importance	and	may	 “fast	
track”	 introgression	 of	 farmed	 salmon	 in	 natural	 populations	 as	 the	
escapees	do	not	have	to	survive	until	adulthood	to	spawn.	The	poten-
tial	 effect	of	 this	on	 introgression	within	wild	populations	has	been	
highlighted	based	on	modelling	studies	 (Hindar,	Fleming,	McGinnity,	
&	Diserud,	2006).	However,	the	actual	impact	and	relative	spawning	
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Sperm	quality	 can	 influence	 the	 reproductive	 success	of	 farmed	
escapees	in	the	wild.	Experimental	studies	have	shown	that	there	are	
significant	differences	in	sperm	morphology	(Gage	et	al.,	2004;	Gage,	
Stockley,	&	Parker,	 1998)	 and	 fertilization	 success	 among	 individual	




and	 egg	 quality	 or	 in vitro	 fertilization	 success	 have	 been	 observed	
between	 farmed	and	wild	 salmon.	This	 leads	 to	 the	conclusion	 that	
if	individual	farmed	escaped	adults	manage	to	partake	in	spawning	in	
the	wild,	despite	 their	general	competitive	 inferiority,	 they	will	have	
similar	fertilization	success	to	wild	adults.
Egg	size	is	positively	correlated	with	female	size	(Kazakov,	1981;	




times	 the	case,	egg	 sizes	of	 farmed	offspring	can	be	comparable	 to	




larger	 eggs	 leading	 to	 larger	 offspring	 and	 higher	 survival	 (Einum	&	
Fleming,	2000;	Skaala	et	al.,	2012).
3  | GENETICS
3.1 | What level of farmed salmon introgression has 
occurred in native populations?

















locus,	 and	 a	 diagnostic	 haplotype	 in	 mitochondrial	 DNA	 (mtDNA),	
to	 identify	 introgression	 of	 farmed	 salmon	 in	 the	 local	 river	 that	







downstream	from	the	 farm	and	successfully	 spawned	 together	with	
the	native	population.
The	next	 Irish	study	was	conducted	by	the	same	research	group	















imately	 a	 decade	 later	 (Skaala,	 Wennevik,	 &	 Glover,	 2006).	 There	
























populations	 for	 several	 classes	 of	 genetic	markers	 (Karlsson,	Moen,	
Lien,	Glover,	&	Hindar,	2011;	Skaala,	Hoyheim,	Glover,	&	Dahle,	2004;	
Skaala,	Taggart,	&	Gunnes,	2005).	This	presents	significant	statistical	
challenges	 to	 identify	 and	 quantify	 introgression	 in	wild	Norwegian	
populations,	especially	when	gene	flow	over	time	arises	from	multiple	
farmed	strains	(Besnier,	Glover,	&	Skaala,	2011).
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populations	 between	 the	 historical	 and	 contemporary	 samples	was	
observed.








farmed	escapees	over	 the	 same	period.	The	authors	 suggested	 that	
the	density	of	the	native	population	was	probably	a	major	factor	mod-












potential	 loss	of	 genetic	diversity	 among	wild	 	populations	 	following	
introgression	 of	 farmed	 salmon	 escapees	 had	 been	 earlier	 hypoth-





that	 introgression	of	 farmed	escapees	was	the	primary	driver	of	 the	
observed	temporal	genetic	changes.
Using	a	7K	single	nucleotide	polymorphism	(SNP)	chip,	a	panel	of	




gene	 flow	 from	multiple	 farmed	 strains	 tends	 to	 cancel	 each	 other	
out	 (Besnier	 et	al.,	 2011).	 Using	 these	 collectively	 informative	 SNP	
markers,	 a	 reference	 panel	 of	 Norwegian	 farmed	 salmon,	 historical	
and	contemporary	samples	from	20	wild	salmon	populations	distrib-
uted	 throughout	 Norway,	 and	 approximate	 Bayesian	 computation-	
based	 estimates,	 the	 first	 estimation	 of	 cumulative	 gene	 flow	 from	









ing	 force	 explaining	 interpopulation	 introgression	 levels.	The	 results	
obtained	supported	earlier	suggestions	that	the	density	of	the	native	
population	 played	 a	 major	 role	 in	 influencing	 introgression	 success	












to	compute	 individual	 fish	admixtures,	 in	addition	to	the	fact	 that	 it	
does	 not	 require	 a	 historical	 baseline,	which	was	 a	 requirement	 of	
the	methodology	implemented	in	Glover	et	al.	 (2013).	Karlsson	et	al.	
(2016)	 found	statistically	 significant	 introgression	 in	half	of	 the	wild	
populations	studied	and	levels	of	introgression	above	10%	in	27	of	109	
rivers	 represented	by	modern	 adult	 samples.	Overall,	 they	 reported	
a	mean	and	median	introgression	rate	of	6.4	and	2.3%,	respectively,	
in	109	populations	with	 a	 contemporary	 adult	 sample	of	20	 fish	or	
more.	These	 authors	 also	 reported	 a	 correlation	 between	 incidence	
of	escapees	 in	 the	 rivers	and	 introgression	 levels,	 supporting	earlier	
observations	across	20	Norwegian	populations	(Glover	et	al.,	2013).








salmon	 in	 the	Chamcook	Stream	and	 the	Magaguadavic	River,	New	
Brunswick,	Atlantic	Canada,	despite	 the	 fact	 that	 farming	salmon	of	








et	al.,	 1997).	 The	 combined	 analysis	 of	 microsatellites	 and	 SNPs	
revealed	 temporal	 genetic	 changes	 in	 the	 population	 in	 the	 period	


















rivers	 were	 collected	 and	 transferred	 to	 the	 Sundalsøra	 research	
facilities	 of	 the	 Agricultural	 University	 of	 Norway	 (Gjedrem,	 2010;	
Gjedrem,	Gjoen	et	al.,	1991).	These	fish	formed	four	genetically	dis-
tinct	substrains	(Gjoen	&	Bentsen,	1997;	Skaala	et	al.,	2004)	each	with	
a	 four-	year	 generation	 time,	 that	were	 subject	 to	 a	 combination	of	
within-	and	among-	family	selection	for	commercially	important	traits.	
These	 four	 initial	 substrains	 form	 the	 basis	 of	 the	 genetic	material	
now	produced	by	Aqua-	Gen	and	have	arguably	the	best	documented	
genetic	backgrounds	that	are	publicly	available	(Gjedrem,	2000,	2010;	

















Farmed and wild 







Statistics available in 
some countries, 
although likely to be 
underestimates. 
Better reporting and 
monitoring required.
River
Farmed escapees on 
the spawning grounds: 
Statistics available in 
some countries, 





Introgression : Well documented in 
Norway, inadequately studied
elsewhere
Approach: Analysis of molecular
genetic markers to quantify gene flow
in unstudied rivers and regions
Challenge 2: 
Biological consequences: 
Inadequately studied in all regions.
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the	 basis	 of	 the	 commercial	 strain	 now	 commonly	 known	 as	Aqua-	
Gen,	 concentrated	 on	 improving	 growth	 rates	 and	 body	 size	 from	
1972	onwards	 (Gjedrem,	 2000,	 2010;	Gjedrem,	Gjoen	 et	al.,	 1991).	










Subsequent	 studies	 of	 heritability	 in	 these	 and	 other	 strains	 of	
farmed	salmon	have	supported	early	findings,	and	estimates	of	herita-
bility	for	additional	traits	such	as	survival	during	early	life	(Rye,	Lillevik,	
&	Gjerde,	 1990),	 sea	 age	 of	 sexual	maturation	 (Gjerde,	 Simianer,	 &	
Refstie,	1994),	susceptibility	to	furunculosis	(Gjedrem,	Salte,	&	Gjoen,	
1991),	susceptibility	to	sea	lice	(Glover,	Aasmundstad,	Nilsen,	Storset,	
&	 Skaala,	 2005;	 Kolstad,	 Heuch,	 Gjerde,	 Gjedrem,	 &	 Salte,	 2005;	
Mustafa	&	MacKinnon,	1999;	Yanez	et	al.,	2014)	and	susceptibility	to	
amoebic	 gill	 disease	 (Taylor	 et	al.,	 2007,	 2009)	 have	been	 reported.	
Many	 of	 these	 traits	 have	 been	 included	 in	 breeding	 programmes,	








Recent	 developments	 in	 genomic	 tools	 and	 their	 application	 in	
animal	 breeding	 have	 opened	 new	opportunities	 to	 understand	 the	
underlying	genetic	basis	of	commercially	important	traits	and	how	to	














and	helped	by	 the	development	of	advanced	genomic	 resources	 for	
the	salmon	(Houston	et	al.,	2014;	Lien	et	al.,	2016;	Tsai	et	al.,	2016),	
QTL	 and	 genome-	based	 selection	 is	 now	 being	 utilized	 in	 several	
of	 the	 commercial	 breeding	 programmes.	 It	 is	 likely	 that	within	 the	




3.3 | What genetic differences exist between wild  
and farmed salmon?
There	 are	 four	 primary	 reasons	why	 farmed	 salmon	 are	 genetically	
different	 to	 wild	 salmon:	 1.	 directional	 selection	 for	 commercially	
important	 traits	 within	 breeding	 programmes	 (which	 changes	 both	




as	 trait	 shifts	 due	 to	 trade-	offs);	 3.	 random	genetic	 changes	 during	
domestication	 (initially	 founder	 effects	 and	 thereafter	 genetic	 drift	
across	generations);	4.	ancestry	differences	as	farmed	salmon	may	be	
of	non-	local	or	mixed-	origin	(Ferguson	et	al.,	2007).










salmon	 have	 been	 implemented.	 Broadly,	 these	 approaches	 can	 be	
grouped	 into	 the	 following	categories:	 analysis	of	molecular-	genetic	
polymorphisms	 (Table	1),	 analysis	 of	 gene-	transcription	 profiles	




There	 are	 several	 key	 elements	 which	 provide	 significant	 chal-
lenges	 to	 conduct	 comparative	 experiments	 to	quantify	 the	 genetic	
differences	 between	 farmed	 and	 wild	 salmon.	 First,	 many	 of	 the	
farmed	strains	now	 in	existence	were	founded	using	brood	fish	col-
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TABLE  1 Studies	of	molecular	marker	variation	within	and	among	farmed	and	wild	salmon	strains


































































































&	Hutchings,	 2008;	Glover,	Hamre,	 Skaala,	&	Nilsen,	 2004;	Harvey,	
Glover,	 Taylor,	 Creer,	 &	 Carvalho,	 2016;	 Normandeau,	 Hutchings,	
Fraser,	&	Bernatchez,	 2009;	 Solberg	 et	al.,	 2016)	 and	 for	 studies	of	
polymorphic	genetic	markers	(Karlsson,	Moen,	&	Hindar,	2010;	Norris,	
Bradley,	 &	 Cunningham,	 1999;	 Skaala	 et	al.,	 2004).	 In	 addition,	 a	
few	studies	have	combined	both	approaches	by	comparing	multiple	
farmed	and/or	wild	strains,	while	also	including	the	major	wild	found-
ing	 population	 (Harvey,	 Glover	 et	al.,	 2016;	 Neregard	 et	al.,	 2008;	
Solberg	et	al.,	2016).
A	second	key	challenge	in	attempting	to	 identify	genetic	differ-
ences	 between	 farmed	 and	 wild	 salmon	 is	 when	 the	 traits	 under	




fish	 upon	 initiation	 of	 certain	 types	 of	 experiments	 or	 may	 reach	
certain	life	stages	at	an	earlier	age.	This	may	result	in	challenges	to	
disentangle	 cause	 and	 effect	 on	 the	 target	 trait.	To	make	 compar-
isons,	one	can	select	 the	smallest	 farmed	fish	and	 largest	wild	 fish	





2016)	 (even	 though	 this	 may	 in	 turn	 cause	 developmental	 and/or	
environmental-	related	differences	due	to	varying	age	at	size,	or	age	
at	stage).	One	can	also	compensate	or	account	for	variations	in	body	




individuals	 to	 reduce	potential	 bias	 (as	 has	been	made	 in	 the	 case	
of	a	rainbow	trout	(Oncorhynchus mykiss,	Salmonidae)	domestication	
study)	 (White,	 Sakhrani,	Danzmann,	&	Devlin,	 2013).	Alternatively,	
experiments	can	be	conducted	on	the	very	early	 life-	history	stages	
(Bicskei,	 Bron,	Glover,	&	Taggart,	 2014;	Debes,	 Fraser,	McBride,	&	
Hutchings,	 2013;	 Fraser,	 Minto,	 Calvert,	 Eddington,	 &	 Hutchings,	
2010;	Solberg	et	al.,	2014)	before	 intrinsic	growth	differences	 lead	
to	differences	in	size.	However,	while	the	latter	represents	the	most	
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family	 variation	 may	 lead	 to	 erroneous	 conclusions	 regarding	 the	
degree	 of	 genetic	 differentiation	 between	 farmed	 and	wild	 salmon.	





Trait Life stage/tissue Primary observation Matched Reference
Growth/body	
weight




Freshwater,	1+ F	>	W Age (Fleming	&	Einum,	1997)














Freshwater,	1+ F	>	H	>	W Age (Glover,	Bergh	et	al.,	2006)




Freshwater,	1+ F	>	W Size,	Age (Wolters	et	al.,	2009)
Freshwater,	1+ BC	≥	W Age (Darwish	&	Hutchings,	2009)
Freshwater,	2+ F	>	H	(F1,F2,BC)	>	W Age (Fraser,	Houde	et	al.,	2010)
Freshwater,	1+ F	>	H	(F1,F2,BC)	>	W Size,	Age (Morris	et	al.,	2011)







Freshwater,	0+ F	≥	H	≥	W Age (Solberg	et	al.,	2016)
Freshwater,	0+ F	≥	H	≥	W Age (Harvey,	Glover	et	al.,	2016)
Freshwater,	0+ F	≥	H	≥	W Age (Harvey,	Juleff	et	al.,	2016)
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TABLE  4 Common-	garden	comparisons	of	life	stage	development	of	farmed	and	wild	salmon	under	controlled	hatchery	conditions






















Parr	maturation Freshwater,	0+ Maturation	rate:	F	<	W Age (Fleming	&	Einum,	1997)
Freshwater,	1+ Maturation	rate:	F	<	F1	<	F2	<	W	<	BC Size,	Age (Morris	et	al.,	2011)
Freshwater,	0+ Maturation	rate:	F1	<	BC	<	W Age (Yates	et	al.,	2015)
Smolting Freshwater,	1+ Smolting	rate:	F	>	W Age (Fleming	&	Einum,	1997)
Freshwater,	1+ Smolting	rate:	F	>	H	>	W Age (Glover,	Ottera	et	al.,	2009)
Freshwater,	2+ Smolting	rate:	F	>	H	(F1,F2,BC)	>	W Age (Fraser,	Houde	et	al.,	2010)













Trait Life stage/tissue Primary observation Matched Reference
Aggression Freshwater,	0+ F	>	W Size,	Age (Einum	&	Fleming,	1997)
Freshwater,	0+ F	>	W Size,	Age (Fleming	&	Einum,	1997)
Freshwater,	0+ F	≥	W,	F1	>	W,	BC	≥	W Size (Houde	et	al.,	2010a)
Dominance Freshwater,	0+ F	>	W Size,	Age (Einum	&	Fleming,	1997)
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However,	 such	 experiments	 are	 resource	 demanding,	 and	 where	
extensive	 physiological,	 observational	 or	 other	 measurements	 are	
involved,	such	extensive	sampling	is	rarely	feasible.







3.3.1 | Studies of molecular- genetic markers
Analysis	of	assumed	selectively	neutral,	or	 close	 to	 selectively	neu-
tral,	molecular-	genetic	markers	in	farmed	strains	and	wild	populations	
simultaneously	 can	 provide	 information	 about	 the	 levels	 of	 genetic	
diversity	within	(including	potential	inbreeding)	and	among	the	strains	
and	populations.	Where	farmed	strains	are	based	on	a	single	wild	pop-
ulation	 (which	 is	 less	often),	 it	 can	also	quantify	genetic	divergence	
that	 may	 have	 occurred	 due	 to	 neutral	 processes	 such	 as	 founder	
effects	 and	 genetic	 drift.	Most	 studies	 investigating	 allelic	 variation	
in	 farmed	 strains	 and	 wild	 populations	 have	 clearly	 demonstrated	
reduced	 genetic	 diversity	 (measured	primarily	 as	 a	 reduction	 in	 the	






Highly	polymorphic	markers	with	 large	numbers	of	 alleles,	 such	
as	 microsatellites,	 are	 highly	 sensitive	 to	 changes	 in	 genetic	 varia-
tion.	This	is	because	they	often	display	many	alleles	that	are	typically	
TABLE  6 Common-	garden	comparisons	of	plasticity	(reaction	norms)	in	farmed	and	wild	salmon	under	controlled	hatchery	conditions
Variable Life stage/tissue Primary observation Matched Reference




















































Density Freshwater,	0+ Effect	on	growth:	F	=	H	=	W Age (Harvey,	Juleff	et	al.,	2016)
F,	farm;	H,	hybrid;	W,	wild.	F1,	first-	generation	hybrid;	F2,	second-	generation	hybrid;	BC,	backcross.
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present	 in	very	 low	frequencies	 in	the	population,	which	are	rapidly	
lost	within	 just	a	few	generations	due	to	founder	effects	or	genetic	
drift.	Due	to	founder	effects,	finite	population	size	and	more	or	less	

















among	 farmed	 strains	 and	wild	 populations	 is	 further	 evidenced	 in	
studies	of	mtDNA.	Analysis	of	mtDNA	haplotypes	in	four	Norwegian	









lished	 with	 a	 larger	 number	 of	 mtDNA	 haplotypes	 than	 would	 be	
found	 in	any	 typical	wild	population.	Second,	 the	breeding	schemes	
often	employed	in	aquaculture	involve	using	more	females	than	males	
TABLE  7 Common-	garden	comparisons	of	morphology	and	physiology	of	farmed	and	wild	salmon	under	controlled	hatchery	conditions































Trait Life stage/tissue Primary observation Matched Reference



















Vibriosis Freshwater,	1+ Mortality:	F	≤	W Age (Lawlor	et	al.,	
2009)
F,	farm;	H,	hybrid;	W,	wild.	F1,	first-	generation	hybrid;	F2,	second-	generation	hybrid;	BC,	backcross.












































































































































































































































































































































































































































































































































































































































































































































































genome	 resequencing	 approaches,	 offer	 at	 least	 two	 main	 advan-
tages	 over	 other	marker	 types	 in	 characterizing	 genetic	 differences	
between	farmed	strains	and	wild	populations.	Firstly,	the	number	of	
genetic	markers	available	for	routine	screening,	ranging	from	100s	to	
100	000s	of	markers,	 increases	 the	 likelihood	of	 finding	a	diagnos-
tic	 subset	 that	 distinguishes	 routinely	 between	 farmed	 strains	 and	
wild	 populations.	Karlsson	 et	al.	 (2011)	 screened	12	 farmed	 strains	
and	 13	wild	 populations	 for	 a	 7K	 SNP	 chip	 and	 identified	 a	 set	 of	
60	SNPs	that	were	collectively	diagnostic	 in	distinguishing	between	







The	 second	 advantage	 of	 high-	density	 genomewide	 SNP	 panels	






progenitors	 using	 331	 (SNPs	 and	microsatellites)	markers	 and	 a	 15K	





demonstrated	 that	 the	 power	 to	 detect	 selection	 at	 a	 single	 locus	
depends	primarily	on	the	number	of	generations	since	domestication,	
the	strength	of	selection	and	the	number	of	populations	under	inves-





imental	 purposes	 and	 therefore	 the	 type	 and	 strength	 of	 selection	
these	fish	were	subjected	to	will	differ	considerably	from	that	which	
farm	strains	are	exposed	to.	This	may	go	some	way	to	explaining	the	
observations	 reported	 (Makinen	et	al.,	 2015;	Vasemagi	 et	al.,	 2012).	
Alternatively,	 and	 importantly,	 many	 traits	 subject	 to	 selection	 are	













ant	 traits	 such	as	growth,	as	well	as	 traits	 that	would	be	 likely	con-




(Davey	 et	al.,	 2011)	 and	 should	 be	 investigated	 on	 a	wide	 range	 of	
farmed	strains	which	should	vary	in	their	origin	and	length	of	time	they	
have	been	domesticated.
3.3.2 | Studies of gene transcription
A	handful	of	studies	have	investigated	gene-	transcription	profiles	of	






Fraser,	 Bernatchez,	 &	 Hutchings,	 2012;	 Normandeau	 et	al.,	 2009)	
(Table	2).
A	 recent	 study	 conducted	 on	 hatchery-	raised	 steelhead	 trout	
demonstrated	 that	 just	 a	 single	 generation	 of	 domestication	 can	
cause	changes	 in	gene-	transcription	profiles	 (Christie,	Marine,	Fox,	
French,	 &	 Blouin,	 2016).	 However,	 gene	 transcription	 is	 strongly	
influenced	 by	 environmental	 variation	 (e.g.	 Evans,	 Hori,	 Rise,	 &	
Fleming,	 2015),	 which	 makes	 extracting	 general	 trends	 in	 tran-
scription	 patterns	 between	 farmed	 and	wild	 fish,	 among	 the	 vari-
ous	studies	conducted	(which	includes	life	stage	and	environmental	










Despite	 the	 highlighted	 challenges,	 studies	 of	 gene	 transcrip-
tion	in	salmon	have	revealed	some	trends	and	identified	processes	
that	 may	 be	 linked	 with	 domestication-	mediated	 evolutionary	
changes.	 Processes	 such	 as	 environmental	 information	 process-
ing	 and	 signalling	 pathways	 in	 addition	 to	 immune-	related	 genes	
have	been	reported	to	be	more	highly	expressed	in	wild	relative	to	
farmed	 salmon	 (Bicskei	 et	al.,	 2014,	 2016).	 In	 contrast,	 processes	
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linked	 to,	 for	 example,	 protein	 synthesis	 and	 metabolism	 have	
been	demonstrated	to	be	upregulated	in	farmed	compared	to	wild	
salmon	 (Bicskei	 et	al.,	 2014;	 Roberge	 et	al.,	 2006).	 The	 latter	 is	




tional	 and	 domestication	 selection	 remains	 unquantified,	 indirect	
selection	for	a	more	docile	animal	that	displays	higher	growth	rates	
is	 consistent	 with	 some	 of	 the	 apparent	 transcription	 trade-	offs	
revealed	by	these	studies.	Furthermore,	gene-	transcription	studies	









Investigations	 among	 multiple	 salmon	 strains	 and	 backcross	








has	 also	 been	 reported	 to	 increase	with	 age	 of	 the	 fish.	 For	 exam-





metabolic-	linked	processes	 in	 the	 farmed	 fry,	which	could	be	 linked	
(causatively	 or	 otherwise)	 with	 their	 genetically	 determined	 higher	
growth	rates.
3.3.3 | Comparative studies under hatchery or 
seminatural conditions
Here,	 we	 review	 papers	 comparing	 farmed	 and	 wild	 salmon	 that	
have	 been	 reared	 under	 identical	 conditions	 from	 hatching	 (with	 a	
few	exceptions	in	time	due	to	some	of	the	above-	mentioned	limita-
tions	 with	 comparative	 studies	 of	 fast-	growing	 farmed	 versus	 wild	
salmon)	(Table	3–9).	Thus,	the	experiments	can	be	regarded	as	“com-
mon	 garden”	 where	 the	 observed	 phenotypes	 of	 farmed	 and	 wild	









tal	 timing	 (Table	4),	 behavioural	 traits	 (Table	5),	 plasticity	 (Table	6),	
morphology	and	physiology	(Table	7)	and	disease	tolerance	(Table	8).	
A	 few	 comparative	 studies,	 focusing	 on	 traits	 such	 as	 survival	 and	
growth,	 parr	 maturation,	 and	 predation,	 have	 also	 been	 performed	
under	seminatural	conditions	 (Table	9).	These	studies	have	primarily	
involved	 juveniles,	 possibly	 due	 to	 logistical	 and	 experimental	 con-
straints;	however,	some	studies	have	been	conducted	for	the	entire	
life cycle.
The	 trait	 displaying	 the	 largest	 and	 most	 consistent	 difference	
between	wild	 and	 farmed	 salmon	 is	 growth	 (Table	3).	 Selection	 for	
increased	growth	 rate	has	been	 the	backbone	of	 the	domestication	
breeding	 programmes	 from	 the	 initiation	 of	 the	 industry	 (Gjedrem,	
2000,	2010),	and	it	is	therefore	expected	that	this	is	the	trait	display-
ing	the	greatest	divergence.	While	growth	rate	and	fish	size	have	been	
measured	 in	 slightly	different	ways	between	 studies,	 it	 is	 estimated	
that	a	~10%–20%	gain	in	growth	rate	has	been	obtained	per	gener-




of	 7–10th	 generation	 vs.	 wild	 salmon,	 have	 reported	 continuously	
increasing	ratios	in	body	size	between	farmed	fish	and	wild	fish	when	
reared	under	common-	garden	rearing	conditions	(Glover	et	al.,	2009;	
Solberg,	Glover	et	al.,	 2013;	Solberg,	Zhang	et	al.,	 2013),	 illustrating	
that	a	quantifiable	genetic	gain	per	generation	is	still	being	achieved	
(Figure	4).	 For	 example,	 size	 ratios	 of	 approximately	 2–2.5:1	 were	

















Most	 of	 the	 growth	 studies	 have	 compared	 a	 single	 farmed	
strain	with	 a	wild	population,	 and	growth	has	 always	been	higher	
in	 the	 farmed	 fish	 under	 hatchery	 conditions.	 Furthermore,	when	
F1	hybrids	have	been	studied,	they	have	always	displayed	interme-
diate	or	 close	 to	 intermediate	growth	 rates	 (Glover,	Bergh,	Rudra,	
&	 Skaala,	 2006;	Glover,	Ottera	 et	al.,	 2009;	 Solberg,	Glover	 et	al.,	






tigenerational	 hybrids	 and	 backcrossed	 variations	 between	 these	
forms	(Debes,	Fraser,	Yates,	&	Hutchings,	2014).	Thus,	non-	additive	
genetic	 factors,	 such	 as	 dominance,	 overdominance	 and	 epistasis,	
may	make	it	hard	to	predict	the	outcome	of	introgression	between	
farmed	 and	wild	 salmon,	 especially	 as	 non-	additive	 inheritance	of	


















in	 the	 natural	 environment,	 enabling	 individuals	 to	 be	 able	 to	 com-
pete	 for	 resources	 such	 as	 territories	 and	 food,	while	 avoiding	 pre-
dation.	Behavioural	changes	linked	directly	or	indirectly	with	the	pro-
cess	 of	 domestication	 have	 been	well	 studied	 in	 fish	 (Huntingford,	
2004;	Ruzzante,	1994).	Examples	of	both	increases	and	decreases	in	
aggression	 have	 been	 documented,	 and	 it	 has	 been	 suggested	 that	
the	direction	of	the	behavioural	response	is	likely	to	be	specific	to	the	
conditions	 in	 which	 the	 domestication	 selection	 was	 imposed,	 and	
therefore,	which	 behaviour	 (e.g.	 increased	 or	 decreased	 aggression)	
favours	 access	 to	 and	 use	 of	 resources	 under	 the	 context-	specific	
conditions	 (Ruzzante,	 1994).	Thus,	 it	 is	 perhaps	 not	 surprising	 that,	
when	 one	 looks	 specifically	 at	 comparative	 studies	 in	 farmed	 and	
wild	 salmon,	 examples	 of	 farmed	 salmon	 showing	 increased	 (Einum	
&	 Fleming,	 1997;	 Houde	 et	al.,	 2010a),	 similar	 (Fleming	 &	 Einum,	
1997;	Houde	et	al.,	2010a)	and	decreased	 (Fleming	&	Einum,	1997)	
aggression	and	dominance	abilities	as	compared	to	wild	fish	have	been	








Predation–avoidance	 behaviour	 experiments	 have	 revealed	
genetic	differences	between	farmed	and	wild	salmon.	Although	exper-
iment	 designs	 have	 varied,	 the	 few	 studies	 published	 have	 demon-
strated	that	farmed	fish	display	more	naive	behaviour	towards	artificial	
predators	such	as	shorter	times	to	re-	emergence	following	exposure	


















































Dunnmall & Schreer 2003 (3+) Glover at al 2006a (1+)
Glover at al 2006b (1+) Glover & Skaala 2006 (1+)
Glover et al. 2009 (0+)
Glover et al. 2009 (2+)
Skaala et al. 2012 (2 years smolt,
Solberg et al. 2013a (0+)
Solberg et al. 2016 (0+)
Solberg et al. 2013b (0+)
Skaala et al. 2012 (3 years smolt)
Solberg et al. 2013b (1+)
Skaala et al. 2012 (4 years smolt)< Skaala et al. 2012 (5 years smolt)>
Harvey et al. 2016 (0+)
Harvey et al., in press a (0+) Harvey et al., in press b (0+)
Fleming et al. 2002 (1+) Fleming et al. 2002 (2+)




Glover & Skaala 2006 (2+)
Glover et al. 2009 (1+) Glover et al. 2009 (1+)






in	 contrast,	 domesticated	 salmon	 show	 a	 smaller	 decline	 in	 growth	
(Fleming	 &	 Einum,	 1997)	 or	 no	 decline	 at	 all	 (Debes	 &	 Hutchings,	











3.3.4 | Studies conducted in the natural environment
Common-	garden	experiments	undertaken	in	the	wild	are	a	relatively	
recent	 development	 and	only	made	 possible	with	 the	 development	
of	DNA	profiling	for	accurate	parentage	assignment	(Ferguson	et	al.,	
1995).	 Previously,	 salmon	 had	 to	 be	 reared	 separately	 before	 they	
were	 large	enough	to	tag	physically.	By	taking	experiments	 into	the	
wild,	experimental	populations	can	be	exposed	to	the	vicissitudes	of	
complex	 ecosystems,	which	 are	 impossible	 to	 replicate	 in	 the	 labo-
ratory.	These	 involve	both	 the	 river	 and	 the	 sea,	 and	 the	 transition	
between	them.
Depending	 on	 the	 life-	history	 stage	 investigated,	 studies	 con-
























of	 the	experimental	parental	 fish	was	sampled	 in	 the	 river	at	differ-
ent	life-	history	stages	using	a	combination	of	electrofishing,	together	













































The	 extension	 of	 the	 Burrishoole	 experiment	 into	 the	 second	
generation	 also	 facilitated	 a	 rare	 insight	 into	 the	 operation	 of	 out-
breeding	 depression	 in	 the	 F2	 generation	 (McGinnity	 et	al.,	 2003).	
The	highest	egg	mortality	occurred	in	the	F2	hybrid	group	and	most	
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probably	reflected	outbreeding	depression	as	might	be	expected	from	
a	breakdown	of	co-	adapted	sets	of	alleles	following	recombination	of	
parental	 chromosomes,	 that	 is	 principally	 the	 “intrinsic”	 interaction	




tion	 could	 be	 that	 the	 blend	of	 divergent	wild	 and	 farmed	parental	
genomes	produced	 rare	offspring	 recombinant	genotypes	 that	were	
fortuitously	 well	 adapted	 to	 the	 local	 conditions	 through	 heterosis	
(Reed	et	al.,	2015).
The	 Burrishoole	 study	 also	 yielded	 some	 valuable	 ecological	















marine	 environment	 or	 the	 transition	 between	 local	 river	 environ-


















In	 Norway,	 a	 slightly	 different	 but	 complimentary	 experiment	
to	 the	 study	 conducted	 in	 Burrishoole	was	 conducted	 in	 the	 River	
Imsa	 during	 the	 same	 time	 period	 (Fleming	 et	al.,	 2000).	 Here,	 the	
authors	 released	 adult	 salmon	 of	 farmed	 (the	 Norwegian	AquaGen	
strain)	and	wild	 (local)	origin	above	a	 two-	way	fish	 trap	 in	 the	River	
Imsa,	once	they	had	been	biopsy	sampled.	Thus,	 this	study	 incorpo-










The	 observed	 difference	 in	 survival	 between	 farmed	 and	 wild	
salmon	 was	 very	 similar	 in	 magnitude	 to	 the	 differences	 observed	






reduction	 in	 total	 and	wild	 smolt	productivity	was	attributed	 to	 the	
fact	 that	 the	 offspring	 of	 the	 farmed	 and	 hybrid	 salmon	 competed	
with	wild	salmon	for	both	territory	and	resources,	and	the	dynamics	
of	 this	may	vary	 across	 life-	history	 stages	 (Sundt-	Hansen,	Huisman,	




As	noted	earlier,	 observations	on	 the	 reproductive	behaviour	of	




females,	 identifying	 it	as	an	 important	 route	 for	gene	flow	 involving	
native	 males	 mating	 with	 farmed	 females.	 This	 confirms	 the	 ear-
lier	 behavioural	 studies	 conducted	 in	 seminatural	 spawning	 arenas	
(Fleming	et	al.,	1996).	The	lower	early	survival	of	the	juvenile	farmed	












to	 their	 phenotype,	 size	 and	 age	 of	 maturity.	 At	 Imsa,	 the	 farmed	













































parr	were	 also	 found.	 The	 Guddal	 study	 also	 revealed	 that	 farmed	
and	wild	salmon	overlapped	 in	diet	 in	 the	 river,	an	observation	also	
reported	from	an	earlier	small-	scale	planting	study	(Einum	&	Fleming,	
1997)	and	from	the	full-	generation	study	in	Imsa	(Fleming	et	al.,	2000).
Studies	 validating	 and	 examining	 the	 underlying	 details,	 mech-
anisms	 and	 genomics	 of	 the	 observed	 survival	 differences	 between	
offspring	of	farmed	and	wild	salmon	in	natural	habitats	have	also	been	
published	using	data	from	the	study	in	Burrishoole	and	Guddal	(Besnier	
et	al.,	 2015;	Reed	et	al.,	 2015).	These	 studies	have	 revealed	 further	




farm	or	hatchery	conditions	have	 limited	 relevance	 for	wild	popula-
tions	 given	 the	 environmental	 sensitivity	 of	 these	 parameters.	 This	
further	justifies	the	need	to	undertake	common-	garden	experiments	
under	natural	conditions.
To	 address	 the	 ecological	 mechanisms	 underlying	 the	 observed	










hybrid	and	wild	offspring.	A	similar	 result	has	also	been	 reported	 in	






tication	 in	 farmed	 strains	 and	 environmental	 context	 of	 the	 experi-
ments	 reported	 in	 the	 studies	 above,	 there	 is	 a	 remarkable	 consis-
tency	in	the	outcomes	of	the	experiments	in	Norway	and	Ireland	and	
among	cohorts	compared	in	the	same	locations	(Fleming	et	al.,	2000;	
McGinnity	 et	al.,	 1997,	 2003;	 Skaala	 et	al.,	 2012).	 Furthermore,	 the	
recurring	evidence	of	additive	genetic	effects	contributes	 to	explain	






4  | DISCUSSION OF FITNESS IMPLICATIONS  
FOR WILD POPULATIONS
4.1 | Will there be changes in juvenile and adult 
abundance?
Density-	dependent	 factors	 set	 the	 limit	on	a	 river’s	 carrying	 capac-
ity	 for	 juvenile	 and	 smolt	 production	 (Bacon	 et	al.,	 2015;	 Jonsson,	
Jonsson,	&	Hansen,	1998).	Offspring	of	farmed	salmon	compete	with	
wild	salmon	for	resources	such	as	food	and	space	(Einum	&	Fleming,	







to	 their	 local	 environments	 increase	 towards	 the	 carrying	 capacity,	
while	those	whose	trait	values	lie	far	from	the	local	optimum	decline	
(Burger	&	 Lynch,	 1995;	Garcia	 de	 Leaniz	 et	al.,	 2007;	 Kirkpatrick	&	
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Barton,	1997).	 In	addition,	a	demographic	penalty	 is	expected	when	









et	al.,	 2000;	McGinnity	 et	al.,	 1997).	While	 the	mechanisms	 under-
pinning	 the	decrease	are	not	 completely	understood,	 this	may	arise	
because	farmed	salmon	offspring	and	hybrids	can	competitively	dis-
place	wild	salmon	under	certain	environmental	conditions	(McGinnity	
et	al.,	 1997;	 Sundt-	Hansen	et	al.,	 2015),	whereas	 their	 egg-	to-	smolt	
survival	is	lower	than	for	wild	offspring.




dependent	 selection	 occurs	 before	 selection	 against	 maladapted	
domesticated	 genotypes,	 there	 will	 be	 a	 drop	 in	 total	 numbers	 of	
smolts	produced;	however,	if	selection	against	maladapted	genotypes	
occurs	before	or	in	concert	with	density-	dependent	selection,	a	drop	
in	 juvenile	 production	 is	 not	 necessarily	 expected.	 The	 competitive	
balance	and	impact	on	total	smolt	productivity	may	also	be	influenced	
by	 the	 level	 of	 farm-	wild	 hybridization	within	 a	 population	 (Houde	
et	al.,	 2010a),	 and	 the	 density	 of	 the	 recipient	 population	 and	 level	
of	juvenile	competition	(Skaala	et	al.,	2012).	Maternal	factors,	such	as	
egg	size	variation,	may	also	negatively	impact	total	smolt	production	
where	 farmed	 salmon	 eggs	 are	 larger	 than	wild	 salmon	 eggs	 (Lush	
et	al.,	 2014;	 Srivastava	 &	 Brown,	 1991)),	which	may	 offer	 an	 initial	
maternal	survival	advantage	(Skaala	et	al.,	2012).
Introgression	 of	 farmed	 salmon	 may	 also	 decrease	 the	 number	
of	fish	returning	to	spawn	in	the	wild	beyond	the	potential	reduction	
resulting	 from	 the	 reduced	 smolt	 migration	 alone.	 This	 is	 less	 well	
understood	 than	 freshwater	 effects.	 Studies	 of	 released	 smolts	 in	
the	Burrishoole	River	in	Ireland	(McGinnity	et	al.,	1997,	2003)	found	




















ing	 3	years	 at	 sea	 as	 opposed	 to	 just	 one	 or	 two	 years	 is	 reduced	
(Chaput,	2012).	It	is	therefore	unknown	to	what	degree	the	observed	
relative	marine	survival	difference	between	farmed	and	wild	salmon	
(McGinnity	 et	al.,	 1997,	 2003)	 is	 linked	 to	 inherent	 differences	











marine	 survival	of	 farmed,	hybrid	and	wild	 salmon	 is	poorly	 studied	
compared	to	the	freshwater	stage	of	the	life	cycle.




Skaala	 et	al.,	 2012),	 heritable	 differences	 in	 freshwater	 growth	 and	
body	shape,	timing	of	smolt	migration,	age	of	smoltification,	incidence	
of	male	parr	maturation,	sea	age	at	maturity	and	growth	in	the	marine	
environment	 have	been	observed	between	 the	offspring	 of	 farmed	
and	wild	salmon.	Therefore,	where	farmed	salmon	have	introgressed	
in	 natural	 populations,	 it	 is	 expected	 that	 recipient	 populations	will	
display	changes	 in	phenotypic	and	 life-	history	 traits	 in	 the	direction	




maladapted	 to	 both	 environments.	 Any	 changes	 in	 the	 direction	 of	
the	 farmed	 strain	 are	 likely	 to	 be	 associated	with	 and	 contributing	










well	as	environmental	change	 through	 time,	may	also	 influence	 life-	
history	traits.	This	has	recently	been	observed	for	age	of	maturity	in	








A	good	example	 to	 illustrate	 the	potential	 challenge(s)	 to	 identi-
fying	and	quantifying	genetic	changes	in	fitness-	related	traits	in	wild	
populations	 as	 a	 consequence	 of	 introgression	 of	 farmed	 escaped	
salmon	is	growth.	It	is	both	one	of	the	most	plastic	traits	in	fish	(Debes	










or	 perhaps	 even	modest	 levels	 of	 genetic	 introgression	 and	 hybrid-
ization,	changes	in	wild	growth	rate	and	body	size	in	a	population	will	










In	an	 investigation	of	 the	River	Ewe	stock	 in	Scotland,	 following	




rate.	However,	actual	 levels	of	 introgression	were	not	known	 in	 the	
study,	 and	 the	 observations	 could	 have	 been	 explained	 by	 density-	
dependent	changes.
At	 present,	 studies	 considering	 phenotypic	 and	 life-	history	
changes	 in	 native	 populations	 are	 effectively	 lacking	 (Challenge	 2,	




4.3 | Will population genetic structure change?
The	Atlantic	 salmon	 is	characterized	by	widespread	structuring	 into	





and	 adaptive	 responses	 to	 historical	 and	 contemporary	 environ-
mental	differences	(Garcia	de	Leaniz	et	al.,	2007;	Taylor,	1991).	The	
largest	genetic	differences	are	observed	between	populations	resid-
ing	 on	 different	 continents	 (Gilbey,	 Knox,	 O’Sullivan,	 &	 Verspoor,	
2005;	Taggart,	Verspoor,	Galvin,	Moran,	&	Ferguson,	1995;	Tonteri,	
Veselov,	Zubchenko,	Lumme,	&	Primmer,	2009),	where	chromosome-	
number	 differences	 are	 also	 observed	 (Brenna-	Hansen	 et	al.,	 2012;	
Lubieniecki	 et	al.,	 2010).	Within	 continents	 and	 smaller	 geographic	
regions,	 population	 genetic	 structuring	 is	 often,	 but	 not	 always,	 a	
function	 of	 isolation	 by	 distance	 (Dillane	 et	al.,	 2007;	 Glover	 et	al.,	
2012;	 Perrier	 et	al.,	 2011),	 but	 is	 modified	 by	 various	 factors	 such	
as	colonization	history	and	 landscape	 features	 (Dillane	et	al.,	2008).	
Consequently,	 populations	 can	 display	 genetic	 differences	 between	
regional	 groups	 (Bourret	 et	al.,	 2013),	 between	 rivers	 (Perrier	 et	al.,	





loci	 but	 may	 also	 involve	 differences	 in	 genomic	 organization	 as	
regards	aspects	such	as	chromosome	structure	and	number	which	will	
affect	 linkage	 relationships	 (Brenna-	Hansen	et	al.,	2012)	which	may	
have	non-	additive	 fitness	 consequences	 that	 are	difficult	 to	predict	
(Cauwelier,	Gilbey,	Jones,	Noble,	&	Verspoor,	2012).








structure	 have	 not	 been	 assessed	 outside	 Norway.	 While	 genetic	
changes	studied	so	far	may	be	of	no	functional	significance,	they	may	
mark	 general	 patterns	 of	 genomic	 change,	 although	 to	what	 extent	
this	 is	 the	 case	 remains	 an	 open	 question.	To	 robustly	 address	 this	
issue,	studies	of	changes	in	functional	genetic	variation	known	to	have	
phenotypic	or	fitness	implications	are	needed	(Consuegra	et	al.,	2005;	
Coughlan	 et	al.,	 2006;	 Ryynanen	 &	 Primmer,	 2004;	Verspoor	 et	al.,	
2005).
4.4 | Will the severity of impacts vary among wild 
populations?
Data	from	empirical	studies	(Glover	et	al.,	2012,	2013;	Karlsson	et	al.,	













teristics	 of	 the	 invading	 farmed	 escapees	 themselves	 include	 their	
body	size,	the	stage	at	which	they	escaped	and	whether	they	mature	
as	juveniles	or	adults.	Just	as	important	in	modifying	the	competitive	
success	 of	 the	 farmed	 escapees	will	 be	 the	 biological	 characteris-
tics	of	 the	wild	population	being	 invaded.	This	reaches	beyond	the	
density	 of	 adults	 on	 the	 spawning	 ground,	 but	 also	 includes	 other	
characteristics	 such	 as	 the	 predominant	 sea	 age	 of	wild	 returning	
spawners	(i.e.	one,	two	or	three	sea	winters),	the	propensity	for	mat-
uration	in	male	parr,	and	the	phylogenetic	history	of	the	population.	
River-	specific	non-	biological	 factors	are	also	 likely	 to	 influence	 the	
degree	of	gene	flow	between	farmed	escapees	and	wild	salmon.	For	










river,	 increased	 numbers	 of	 escapees	 will	 on	 average	 increase	 the	
probability	 for	 introgression	and,	 thereafter,	 the	probability	of	nega-
tive	impacts	(i.e.	changes	in	life-	history	and	demographics).	The	level	
of	negative	genetic	impact	may	also	scale	with	the	degree	of	domes-
tication	 and	 adaptive	 divergence	 from	 wild	 populations	 (Castellani	
et	al.,	2015).	However,	 the	 relationship	of	domestication-	driven	and	
ancestry-	related	 divergence	 with	 potential	 for	 decreases	 in	 adult	
abundance	 resulting	 from	 interbreeding	 of	 farmed	 escapees	 is	 not	
necessarily	 linear	or	clear-	cut	 (Baskett	et	al.,	2013).	First,	the	 impact	
on	wild	population	fitness	may	be	at	its	highest	at	intermediate	genetic	



















non-	native	origin	of	 the	Norwegian	 salmon	 that	 are	predominantly	
farmed	there.	In	contrast,	 in	Norway,	the	farmed	salmon,	while	dis-
playing	 domestication-	driven	 differences	 to	 the	 wild	 salmon,	 will	
have	 originated	 from	 the	 same	 phylogeographic	 lineage,	 except	 in	
the	Barents	sea	rivers	(Bourret	et	al.,	2013).	In	Scotland,	where	both	
Norwegian	 and	 Scottish	 strains	 are	 farmed,	 the	 issue	will	 be	more	
complex.	 Uncertainty	 about	 whether	 greater	 or	 lesser	 divergence	
from	wild	 populations	 is	 better	makes	 it	 difficult	 to	 advise	 regula-
tors	on	whether	 local	or	non-	local	 farmed	strains	present	a	smaller	









et	al.,	 2009),	 survival	 and	 life	 history	 in	 the	 wild	 (Fleming	 et	al.,	
2000;	McGinnity	 et	al.,	 1997;	 Skaala	 et	al.,	 2012),	 competitive	 bal-
ance	 (Houde	 et	al.,	 2010a),	 acid	 tolerance	 (Fraser	 et	al.,	 2008)	 and	













et	al.,	2012).	 In	general,	 farmed	escapees	display	 smaller	eggs	 than	
wild	salmon	(Lush	et	al.,	2014;	Srivastava	&	Brown,	1991)	although	
egg	 sizes	 can	vary	 substantially	 among	populations	 in	 the	wild	 and	
egg	 size	 variation	 may	 be	 adaptive	 (Riddell,	 Leggett,	 &	 Saunders,	
1981).	 However,	 egg	 size	 is	 positively	 correlated	with	 female	 size	
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likely	to	cause	genetic	changes	in	fitness	traits	in	natural	populations	
than	single	large-	scale	escape	events	(Baskett	et	al.,	2013).	Their	con-
clusion	 contrasted	with	 that	 of	Hindar	 et	al.	 (2006),	who	 suggested	
that	there	is	likely	to	be	a	greater	effect	of	large	pulses	of	salmon	aqua-
culture	escapees	on	wild	populations.	This	difference	arises	because	
of	 the	 focus	 by	 Baskett	 et	al.	 (2013)	 on	 equilibrium	 outcomes	 as	
compared	to	Hindar	et	al.’s	(2006)	emphasis	on	short-	term	dynamics.	
Despite	these	differences,	the	nature	of	spawning	intrusion	may	have	
important	 implications	 for	 the	 fitness	of	 native	populations.	Closely	
linked	with	 this	 aspect	 is	 the	 fact	 that	 the	 pattern	 of	 introgression	
and	admixture	will	have	potentially	 important	consequences	 for	 the	
fitness	of	the	native	population	and,	importantly,	the	ability	for	natural	









genotypes	 from	 the	 population.	 The	 admixture	 profile	 of	 individual	
salmon	in	rivers	subject	to	introgression	of	farmed	escapees	has	not	




















Although	 evolutionary	 theory	 permits	 us	 to	 outline	 general	
	trajectories,	 it	 remains	 difficult	 to	 predict	 and	 demonstrate	 the	
	evolutionary	 fate	 of	 individual	 wild	 populations	 receiving	 farmed	
immigrants.	 The	 severity	 and	 nature	 of	 the	 effect	 depends	 on	 a	







variety	 of	 anthropogenic	 challenges	 (Lenders	 et	al.,	 2016;	 Parrish,	
Behnke,	 Gephard,	McCormick,	 &	 Reeves,	 1998),	 and	 such	 popula-
tions	are	more	likely	to	be	vulnerable	to	the	potential	negative	effects	
of	 genetic	 introgression.	 Therefore,	 genetic	 introgression	 must	 be	
seen	in	the	context	of	other	challenges.
5  | CONCLUSIONS
5.1 | What have been the largest developments in 







tify	 the	 impacts	 of	 escapees	were	 still	 to	 be	 satisfactorily	 resolved,	
that	 is,	 the	 ability	 to	measure	 accurately	 the	 level	 of	 introgression	
that	 has	 occurred,	 particularly	 over	multiple	 generations	 (Challenge	









from	0%	 to	47%)	 (Glover	 et	al.,	 2013;	Karlsson	et	al.,	 2016).	While	
this	 has	 only	 been	 quantified	 in	 Norwegian	 rivers/populations,	
Norway	is	currently	the	world’s	largest	farmed	and	wild	salmon	pro-
ducing	 country	 and	 therefore	 represents	 the	 principal	 focus	 of	 the	
concern	 in	 respect	 of	 threats	 posed	by	 farmed	escaped	 salmon	on	
their	wild	conspecifics.	These	studies	have	moved	 the	debate	 from	
“has	 introgression	 occurred,”	 to	 “what	 is	 the	 consequence	 of	 this	
introgression.”	There	is	no	longer	room	for	doubt	regarding	the	reality	
of	introgression.
The	 second	 significant	 advance	 in	 our	 knowledge	 is	 the	volume	
and	detail	 of	work	 on	our	 understanding	 of	 the	 genetic	 differences	
that	 distinguish	 farmed	 and	wild	 salmon	 because	 of	 domestication.	





is	 highly	 transferrable	 to	 other	 aquaculture	 systems	 where	 genetic	
interactions	 between	 cultured	 and	wild	 organisms	 can	 occur	 (Araki	
&	Schmid,	 2010).	These	non-	salmonid	 aquaculture	 systems	 can	use	
the	salmon	as	the	“model	system”	to	understand	genetic	interactions	
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chips	 and	 linkage	 maps	 together	 with	 transcriptomics	 tools	 have	
underpinned	 some	of	 the	 recent	 advancements	 detailed	 above.	 For	
example,	 a	 SNP	 chip	 was	 instrumental	 in	 the	 discovery	 of	 genetic	
markers	that	permit	identification	of	farmed	and	wild	salmon	irrespec-
tive	of	their	population	or	strain	of	origin	(Karlsson	et	al.,	2011),	which	
have	 thereafter	 been	 used	 to	 quantify	 introgression	 (i.e.	 the	 single	
biggest	advance).	These	recently	and	continuously	emerging	genomic	
resources	 now	 provide	 us	 with	 opportunities	 that	 were	 previously	
impossible.




sequences	 (productivity	 and	 abundance,	 resilience,	 life-	history	 pro-




phenotypic	 traits	 (Tables	1-9).	 Also,	 there	 is	 experimental	 evidence	
showing	negative	fitness	effects	of	introgression	by	farmed	fish	into	
wild	populations.	However,	 there	 is	 still	 a	 lack	of	documentation	of	
the	biological	changes	in	natural	populations	at	present.	This	can	be	
broken	 down	 into	 the	 following	 interrelated	 questions:	 a)	 To	 what	
extent	have	biological	 changes	occurred	 in	wild	populations	 follow-
ing	direct	genetic	 interactions	with	 farmed	escapees?	b)	Among	 the	
many	traits	at	which	farmed	and	wild	salmon	differ,	which	are	the	ones	





The	 sequencing	 of	 the	 genome	 and	 the	 rapidly	 emerging	 genomics	
tools	described	above	provide	valuable	resources	for	addressing	these	
challenges.
Mining	 farmed-	wild	diagnostic	 loci	 from	genomic	data	 (Karlsson	
et	al.,	2011)	now	provides	us	with	vastly	improved	ability	to	compute	
admixture	 in	 individual	 fish	 and	 connect	 these	 estimates	 together	
with	 ecological	 and	 biological	 (i.e.	 phenotypic	 traits)	 measurements	


















limits.	 Do	wild	 populations	 display	 the	 evolutionary	 plasticity	 (both	
genetic	 and	 environmental)	 to	 absorb	 for	 example	 1%,	 5%	 or	 10%	
introgression	of	farmed	escapees	without	changing	their	key	param-
eters	 (life-	history	 and	demographic),	 and	without	 losing	 future	 evo-
lutionary	 potential	 to	 other	 challenges	 such	 as	 climate	 change	 and	
further	 anthropogenic	 forces?	 It	 is	 beyond	 the	 scope	of	 this	 review	
to	 evaluate	mitigation	 strategies,	 but,	 to	 our	 knowledge,	Norway	 is	
the	 first	 and	only	 country	 in	 the	world	 to	 establish	 threshold	 limits	
of	 “sustainability”	 linked	 to	 the	 frequency	 of	 farmed	 escapees	 and	
genetic	 impact	on	 the	native	population	 (Taranger	et	al.,	 2015).	The	
established	thresholds	for	the	incidence	of	farmed	escapees	in	a	wild	
population	were	set	for	<4%	(no	to	low),	4%–10%	(low	to	moderate)	
and	 >10%	 (high)	 probability	 of	 genetic	 change	 in	 the	 wild	 popula-
tion,	respectively.	These	threshold	categories	were	established	using	
a	 “best	 guess”	 based	on	 current	 knowledge.	They	 remain,	 however,	
scientifically	 unvalidated.	Approaches	 to	 answer	 this	 question	 have	
been	to	relate	the	allowable	amount	of	gene	flow	between	cultured	
and	wild	salmon	to	the	observed	level	of	genetic	differentiation	occur-
ring	between	 them	 (Ryman,	Utter,	&	Hindar,	1995).	For	most	 levels	
of	 genetic	 differentiation	 observed	 among	 salmon	 populations,	 this	
would	 translate	 into	 low	 numbers	 of	 migrants	 between	 them.	 For	
subspecies	of	cutthroat	trout	(Oncorhynchus clarki,	Salmonidae),	some	
have	argued	that	there	 is	no	other	defensible	 limit	on	genetic	 intro-
gression	than	a	very	small	one	(Allendorf	et	al.,	2004).
5.3 | Summary and scientific recommendations
I. 	Spawning success of farmed escapees, and how this varies in time 
and space, requires further quantification to predict introgression. 
Experiments	show	that	adult	escapees	have	reduced	spawning	suc-
cess	 compared	 to	wild	 salmon	 that	 depends	 on	 the	 life	 stage	 at	
which	they	escape	into	the	wild,	mature,	and	attempt	to	spawn	with	
wild	fish,	and	the	level	of	competition	with	wild	fish	on	the	spawn-
ing	 grounds.	 Furthermore,	 farmed	 females	 display	 a	 greater	 rela-
tive	spawning	success	than	farmed	males,	which	will	 increase	the	
relative	frequency	of	hybrid	as	opposed	to	pure	farmed	offspring.	






wild salmon remains unclear.
II. 	There is a need to use molecular-genetic markers to quantify introgres-
sion in populations, especially in knowledge poor regions.	Introgression	
of	farmed	salmon	is	documented	in	many	Norwegian	populations	
and	 varies	 greatly	 among	 studied	 rivers	 (0%–47%),	 but	 remains	
largely	unquantified	elsewhere.	Using	molecular	markers	to	quan-






characteristics)	 and	 abiotic	 (river	 temperature,	 length,	 gradient,	
number	of	upstream	migration	challenges)	factors	influence	intro-
gression	would	help	us	to	identify	populations	most	at	risk.
III. 	The genetic differences between farmed and wild salmon that 
 affect fitness need to be better understood to predict the impact 
of  introgression.	 A	wide	 number	 of	 differences	 in	 genetic-based	
phenotypic	traits	have	been	observed	between	farmed	and	wild	
salmon	 including	 those	 associated	with	 selection	 for	 economic	
and		domestication	traits.	As	not	all	trait	differences	may	influence	
fitness	 in	 the	wild,	 there	 is	 a	need	 to	 identify	which	 traits	have	
the	most	negative	impact	in	any	given	wild	population	subject	to	
introgression.
IV. 	Further information is needed on the fitness of farmed, admixed and 
wild salmon in different rivers, either using planting experiments that 
combine genetic and ecological measurements, or by monitoring off-






survival	 of	 farmed	 salmon	offspring	 in	 the	wild	 is	 likely	 to	vary	
from	case	to	case.
V. 	Biological consequences (life-history, phenotypic and demographic) of 
farmed salmon introgression have been inadequately studied in the 
wild.	An	 increase	 in	within-population	genetic	variation	and	a	si-
multaneous	loss	in	genetic	diversity	among	populations	have	been	
observed	 in	Norwegian	 populations	 exposed	 to	 gene	 flow	 from	
farmed	escapees.	A	combination	of	empirical	data	from	laboratory	
and	field	experiments	together	with	evolutionary	theory	and	syn-
thesis	 through	models	 suggest	 that	when	exposed	 to	gene	 flow	
from	 farmed	 escapees,	 genetic	 changes	 in	wild	 populations	will	
occur	in	the	direction	of	the	invading	farmed	strains	in	phenotypic	














VI. 	Evaluation of direct genetic impact of farmed escapes on wild popula-







VII. 	The long-term consequences of introgression on native populations 
can be expected to lead to changes in life-history traits, reduced pop-
ulation productivity and decreased resilience to future impacts such 
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